Abstract For some researchers, the relationship between prevalent cardiovascular risk factors and late-life cognitive decline is not worthy of further study. It is already known that effective treatment of vascular risk factors lowers risk of such major outcomes as stroke and heart attack, the argument goes; thus, any new information about the relationship between vascular risk factors and another major outcome -late-life cognitive decline-is unlikely to have an impact on clinical practice. The purpose of this review is to probe the logic of this argument by focusing on what is known, and what is not known, about the relationship between vascular risk factors and late-life cognitive decline. The unknowns are substantial: in particular, there is relatively little evidence that current vascular risk factor treatment protocols are adequate to prevent late-life cognitive decline or the clinically silent brain injury that precedes it. In addition, there is relatively little understanding of which factors lead to differential vulnerability or resilience to the effects of vascular risk factors on silent brain injury. Differential effects of different classes of treatments are similarly unclear. Finally, there is limited understanding of the impact of clinically-silent neurodegenerative disease processes on cerebrovascular processes. Further study of the relationships among vascular risk factors, brain injury, and late-life cognitive decline could have a major impact on development of new vascular therapies and on clinical management of vascular risk factors, and there are promising avenues for future research in this direction.
Introduction
Vascular risk factors including hypertension (HTN), diabetes mellitus type II (DM) and hyperlipidemia (HYP) are highly prevalent among individuals older than 60 years of age (Crawford et al. 2010; Go et al., 2013; Kannel and Gordan 1978; Wolf, D'Agostino, Belanger, and Kannel 1991) and account for a high percentage of direct health expenditures in the United States. Besides being major risk factors for heart disease, stroke, and early mortality (Alexander et al. 2003; Chobanian et al. 2003) , each of these risk factors is associated with decline in cognitive abilities late in life, including clinical dementia syndromes Joas et al. 2012; Kivipelto et al. 2001; Stewart et al. 2009; Whitmer, Sidney, Selby, Johnston, and Yaffe 2005) . Vascular risk factors are believed to increase risk of cognitive decline by promoting progressive, clinically silent brain injury over the course of years or even decades Knopman et al. 2011; Korf et al. 2004; Maillard et al. 2012; Tan et al. 2011) . Such brain injury, manifested through lesions, tissue loss, and neural dysfunction on brain MRI, is among the most consistently replicated risk factors for late-life cognitive decline to date (Bombois et al. 2008; Carlson et al. 2008; Kuller et al. 2003; Lopez et al. 2003; O'Sullivan et al. 2004) .
Because each one of these vascular risk factors is modifiable, these findings have led to the possibility that treatment of vascular risk factors might lessen the burden of late life brain injury, and in turn lower risk for future dementia (Gorelick et al. 2011) . There is certainly much room for improvement in vascular risk factor treatment: for example, despite increasing public awareness, less than 7 % of individuals with concurrent DM, HTN, and HYP achieve defined treatment goals (Schroeder et al. 2012) . If it were actually true that sustained, effective treatment of vascular risk factors could reduce risk of late life cognitive decline, the potential effects are astounding: for example, in a population attributable risk analysis that makes assumptions about how many dementia cases are uniquely attributable to individual risk factor exposure, a 25 % decrease in a handful of risk factors (predominantly vascular ones) is projected to prevent as many as half of dementia cases that will emerge moving forward (Barnes and Yaffe 2011 ) (see also (Launer et al. 2010) ).
However, the purpose of this review is to build the case that further clarification of the relationship between vascular risk factors and late-life cognitive decline is needed. The overarching point is that even if current treatment protocols are adequate to lower risk of heart attack, stroke, and early mortality, it is not known whether they are also adequate for lowering the burden of silent brain injury and the risk of late-life cognitive decline. This is true for a number of reasons: there is a lack of convincing clinical trial evidence; differential vulnerability or resilience to brain effects of vascular risk factor exposure is not well understood; and relationships between vascular risk factors and prevalent, clinically-silent neurodegenerative disease processes are not well understood. As a result, it is possible that many individuals who have effectively avoided heart attack and stroke by addressing their vascular risks may have done little more than set themselves up for cognitive decline later in life. In contrast, hypothetical vascular risk factor treatment protocols that avoid this "out of the frying pan, into the fire" scenario by reducing risk for cognitive decline as well as heart attack and stroke could benefit the growing population of elderly individuals, and potentially reduce the steadily increasing global burden of late-life cognitive decline.
The following sections will provide a review of what is currently known, and what is currently unknown, about the relationship between vascular risk factors and both silent brain injury and cognitive decline late in life. A set of ways to move forward is then presented for the field to better understand the ability of treatment protocols to reduce late life cognitive decline risk.
What is Known

Vascular Risk Factors Increase Risk for Brain Injury and Cognitive Decline
A growing number of studies suggest that middle-aged individuals exposed to vascular risk factors such as DM, HTN, and HYP go on to have elevated risk of dementia and cognitive decline in their elderly years Joas et al. 2012; Stewart et al. 2009; Swan et al. 1998; Whitmer et al. 2005) , suggesting that cumulative exposure to vascular conditions, accumulated over possibly decades of life, may be a key driver of risk. These results are highly robust because they have been reproduced across a variety of study designs, nations of origins, and methodologies for assessment of both vascular risk and cognitive decline. This well-established link between vascular risk factors and late-life cognitive decline forms the starting point for investigation of vascular risk factor treatment as a preventive strategy against late-life cognitive decline.
Brain injury, as measured by in vivo brain MRI, is believed to be a key intermediary in the relationship between vascular risk factor exposure and late-life cognitive decline. The total volume of parenchymal tissue and CSF, as well as the volumes of brain tissue in specific compartments, from T1-weighted sequences, provide proxy measures of the accumulated burden of neuronal death, while the volume of white matter hyperintensities from T2-weighted sequences provide measures of accumulated protein-rich fluid hypothesized to be secondary to myelin breakdown, neuronal damage, or gliosis (Fazekas et al. 1998 ). Both T1-weighted and T2-weighted MRI are used to identify clinically-silent infarcts as another measure of brain injury that is vascular in origin (Vermeer, Longstreth, and Koudstaal 2007) . More recently, diffusion MRI has provided more sensitive and fine-grained measures of white matter injury (Le Bihan 2003) . Brain dysfunction that arises either as a manifestation of underlying neuronal injury or as a symptom of modified coupling between neural activity and vascular or metabolic processes can also be measured using neuroimaging. Cerebral hemodynamics-i.e., localized cerebrovascular changes that are caused by proximal neuronal activity-can be measured by dynamic MRI methods that are sensitive to blood oxygenation (such as blood oxygenation level dependent or BOLD functional MRI (Logothetis and Pfeuffer 2004) ) or blood flow (such as perfusion MRI with arterial spin labeling (Petersen et al. 2006) ). Acquiring this data under varying neural stimuli or vascular conditions (such as carbon dioxide challenge) allows for proxy measurement of the hemodynamic response function, which can be used as an indicator of neurovascular coupling. In the absence of externally imposed neural and/or vascular conditions, BOLD functional MRI can also be used to measure functional connectivity-i.e., synchrony of spontaneous blood oxygenation fluctuations between distinct brain regions (van den Heuvel and Hulshoff Pol 2010). Low functional connectivity may be an indicator of disrupted synchrony of underlying neural activity, modified coupling of spontaneous neural activity to the vascular supply, or both. Brain glucose metabolism, including changes in local glucose metabolism due to changes in local neural stimuli, can be measured via positron emission tomography (PET) with the radiolabeled glucose tracer fluorodeoxyglucose (FDG). Numerous reports have suggested that all of the indicators of brain injury noted above become more prevalent late in the lifespan (Biswal et al. 2010; Carmichael and Lockhart 2012; D'Esposito et al. 1999; Debette and Markus 2010; DeCarli et al. 2005; Loessner et al. 1995; Parkes et al. 2004; Raz et al. 2005; Vermeer et al. 2007) .
Evidence has accumulated from several large epidemiological studies that individuals exposed to vascular risk factors, either in midlife or late in life, show a greater burden of brain injury that is clinically silent-that is, not accompanied by clinically evident cognitive deficits (Au et al. 2006; Carmelli et al. 1999; Das et al. 2008; Jeerakathil et al. 2004; Korf et al. 2004; Moran et al. 2013; Prabhakaran et al. 2008; Seshadri et al. 2004; Swan et al. 1998) (DeCarli et al. 1995; Hsu et al. 2012; Jeerakathil et al. 2004) . While the majority of this evidence is focused on the relationship between vascular risk factors and white matter hyperintensities, there is increasing evidence that gray matter is affected by vascular risk as well (Brundel et al. 2010; Cardenas et al. 2012 ). In addition, several large studies have suggested that elderly individuals who are cognitively intact, yet manifest increased levels of clinicallysilent brain injury on MRI, are at increased risk of clinicallyrelevant cognitive decline in the future (Carmichael et al. 2007; Debette and Markus 2010) . Large-scale autopsy studies complement this evidence by documenting: 1. clinically-silent brain injury in individuals who died cognitively intact (Morris and Price 2001) ; and 2. greater burden of silent brain injury in individuals who had experienced greater exposure to vascular risk factors over the lifespan (Knopman and Roberts 2010) .
Taken together, this evidence strongly supports the notion that vascular risk factors contribute to increased dementia risk by elevating the burden of clinically silent brain injury that accumulates in the aging brain over the course of years or decades. But, it is important to note that the vast majority of such supporting evidence comes from observational trials in which trajectories of vascular risk factor exposure and treatment, as well as adherence to and efficacy of treatment, were not standardized or manipulated by the study. This makes it difficult to establish a causal relationship between vascular risk factor treatment and prevention of silent brain injury. As outlined in the next section, clinical trials of vascular risk factor treatments with brain MRI outcomes could provide stronger evidence to support this association, but such trials have been remarkably small in number.
Multiple Pathways Lead from Vascular Risk Factors to Brain Injury
The observed association between vascular risk factor exposure and clinically silent brain injury naturally leads to the question regarding which biological mechanisms could lead from one to the other. To answer this question, investigators have sought to clarify the mechanisms by which vascular risk factors disrupt cerebrovascular function (i.e., the functioning of the blood vessels that supply brain tissue), with an understanding that damage to neuronal tissue is a likely consequence ( Fig. 1) . At least three mechanisms have been proposed. First, elevated blood pressure is believed to promote arterial stiffness, i.e. lack of compliance of the central arteries. One result of increased arterial stiffness is transfer of cardiac flow pulsatility to the less compliant small blood vessels of the brain, resulting in increased mechanical stress on those vessels that eventually culminates in microhemmorhage (Henskens et al. 2008; Mitchell et al. 2011; O'Rourke and Safar 2005; Ohmine et al. 2008; Tsao et al. 2013; Zieman, Melenovsky, and Kass 2005) (Kiechl and Willeit 1999) . Another result of increased arterial stiffness is enhancement of cardiac wave reflection, i.e., a greater amount of oxygenated blood returning back up the descending aorta toward the heart rather than further down the vascular tree, resulting in less efficient oxygen transfer to smaller blood vessels including those in the brain. Second, elevated cholesterol promotes deposition of atherosclerotic plaque, leading to ischemic infarction and alterations to the fluid dynamics of blood flow through stenotic blood vessels supplying the brain (Amarenco et al. 1994; Manolio et al. 1999; Tell et al. 1988) . Third, chronic glucose intolerance is associated with inflammation of the endothelium that culminates in decreased efficiency of cerebral perfusion (Miranda et al. 2005) . These disparate mechanisms appear to interact with and reinforce each other; for example, inflammation may potentiate atherosclerotic plaque deposition by changing the adhesion properties of the vessel wall (Libby et al. 2002) , arterial stiffness may similarly predispose to plaque deposition (van Popele et al. 2001) , and inflammation may exacerbate arterial stiffness (Schnabel et al. 2008) . Mutual reinforcement of disparate mechanisms may mean that it is difficult to reverse any one of them individually once initiated. Altered cerebral perfusion, hemorrhage, and infarction contribute to a complex cascade of secondary injury processes including apoptosis, necrosis, oxidative stress, and excitotoxicity (Dirnagl et al. 1999; Madamanchi et al. 2005) , each of which promote neuronal injury.
Several in vivo neuroimaging studies support these hypothesized mechanisms (Bots et al. 1993; Dai et al. 2008; Muller et al. 2012; Poels et al. 2010; Vermeer et al. 2007) . Individuals with greater exposure to vascular risk factors are at greater risk of clinically silent infarcts, identified on T1-and T2-weighted MRI (Das et al. 2008; Vermeer et al. 2007) , as well as microhemorrhages visible on highly-sensitive T2*-weighted sequences such as susceptibility-weighted imaging (Cordonnier et al. 2007; Goos et al. 2010; Poels et al. 2010) . Deficits in cerebral perfusion, measured using perfusion MRI with arterial spin labeling, have been demonstrated in elderly individuals possessing vascular risk factors, especially hypertension (Dai et al. 2008; Hajjar et al. 2010; Muller et al. 2012) . Atheroslerosis of the blood vessels supplying the brain is most often measured at isolated locations, such as the carotid bifurcation, and is usually summarized in terms of univariate measures such as the carotid intima-media thickness based on ultrasound examination; however MRI sequences have the capability of providing more sensitive measures of plaque burden covering a greater extent of the vasculature. Using these techniques, a number of studies have suggested that elderly individuals with a greater burden of vascular risk factors have a greater risk of carotid atherosclerotic plaque (Ebrahim et al. 1999; O'Leary et al. 1992; Salonen and Salonen 1991) . Greater burden of systemic inflammation, measured through blood biomarkers, has been associated with silent infarcts, as well as greater burden of other indicators of silent brain injury (Fornage et al. 2008; Hoshi et al. 2005; Ishikawa et al. 2007; Jefferson et al. 2007; Miwa et al. 2011; van Dijk 2005; Wright et al. 2009 ).
In turn, there is increasing evidence that cerebrovascular dysfunction is associated with clinically-silent brain injury (Pantoni and Garcia 1997) . Greater burden of carotid atherosclerosis has been associated with greater burden of white matter hyperintensities and greater brain atrophy both crosssectionally and longitudinally (Kin et al. 2007; Manolio et al. 1999; Majon Muller et al. 2011; Pico et al. 2002) . Cerebral perfusion deficits, likewise, have been associated with both forms of silent brain injury in healthy elders (Appelman et al. 2008; van Es et al. 2010) . Finally, autopsy findings of cerebrovascular pathology have been shown to be associated with greater burden of silent brain injury seen in corresponding premortem brain MRI (Jagust et al. 2008) .
Taken together, this evidence strongly supports the notion that vascular effects on clinically silent brain injury, and thus cognition, are determined by multiple biological processes. It follows that any attempt to prevent vascular effects on cognition would require a complex, multi-pronged intervention approach aimed at multiple biological targets, including targets that may be specific to the brain. Thus, it is not entirely clear that current protocols for treatment of vascular risk factors, which may or may not neutralize the biological processes implicated in the pathway from vascular processes to silent brain injury, are adequate to prevent silent brain injury.
Cerebrovascular Injury Commonly co-Occurs with Other Neurodegenerative Diseases
As described above, any putative strategy for preventing the effects of vascular risk factors on late life cognition is complicated by the multiplicity of biological processes implicated in the pathway from vascular risk, to cerebrovascular dysfunction, to clinically silent brain injury and subsequent cognitive decline. An additional problem is that any putative treatment strategy must be sensitive to other neurobiological processes of aging that co-occur with the various vascular-related processes. A growing body of evidence from large-scale autopsy studies supports the notion that cerebrovascular dysfunction commonly co-occurs with, and likely interacts with, other neurobiological processes of aging. These studies suggest that among individuals who die clinically demented, a common autopsy finding is an admixture of cerebrovascular, Alzheimer, and Lewy body pathologies (Brayne et al. 2009; Schneider et al. 2007a; White et al. 2005a ). Further studies suggest that each of the implicated pathologies may be clinically relevant to cognitive functioning; individuals with a certain level of a particular pathology at autopsy were more likely to have reduced cognitive functioning near the end of life when additional pathologies were also present at autopsy (Schneider et al. 2007b) .
In vivo studies of the co-occurrence of cerebrovascular injury and additional pathologies have been limited by the relative expense and technical requirements of measuring Alzheimer pathology in vivo using cerebrospinal fluid assays or positron emission tomography imaging. In addition, these studies have been limited by the relative lack of sensitive, robust, and circumspect measures of in vivo cerebrovascular injury burden. Small-scale studies of convenience samples disagree on the degree to which cerebral amyloid burden and white matter hyperintensity burden are correlated with each other (Grimmer et al. 2012; Hedden et al. 2012; Marchant et al. 2012) . Other studies have observed that cerebral amyloid burden and white matter hyperintensity burden are independently associated with greater brain atrophy and hypometabolism (Barnes et al. 2013; Guzman et al. 2013; Haight et al. 2013) , and additional studies support the view that the co-occurrence of amyloid and white matter hyperintensities is clinically relevant among those clinically diagnosed with Alzheimer's disease (Provenzano et al. 2013) . To the degree that white matter hyperintensities are a manifestation of cerebrovascular dysfunction, the in vivo data can be used to support the notion that cerebrovascular injury and Alzheimer's disease may have additive or multiplicative deleterious effects on the brain that hasten cognitive deterioration. While there is strong support for the view that white matter hyperintensities are primarily driven by cerebrovascular injury in the absence of Alzheimer pathology (Fazekas et al. 1993; Pantoni and Garcia 1997) , there is a possibility Alzheimer's pathology itself could contribute to white matter hyperintensities (Chen et al. 2006; Gouw et al. 2011) , thus complicating conclusions that can be drawn about the two distinct processes from these data. There are plausible biological mechanisms through which cerebrovascular injury processes may facilitate or reinforce those of other neurobiological processes of aging, particularly Alzheimer's disease. For example, there is increasing evidence that the normal metabolism of cerebral amyloid involves clearance along perivascular spaces, and thus vascular compromise could hypothetically lead to amyloid accumulation in interstitial spaces (Preston et al. 2003 ) (Iliff et al. 2012) . Failure of such vascular clearance mechanisms is one explanation for the common finding of cerebral amyloid angiopathy-amyloid accumulation within the cerebral blood vessels . In turn, such vascular amyloidosis is believed to be its own cause of microhemorrhage . Cholesterol metabolism and amyloid metabolism are also closely linked (Dietschy and Turley 2001; Liu et al. 2007; Simons et al. 1998) , although the precise effects of chronically elevated circulating cholesterol on this linkage are currently unclear (Höglund et al. 2004; Pappolla et al. 2003; Refolo et al. 2000) . Amyloid itself, especially in its oligomeric form, appears to be pro-inflammatory, and thus has the potential to exacerbate the inflammatory effects of cerebrovascular processes (Salminen et al. 2009; White et al. 2005b) . Taken together, this evidence suggests that even if effective treatment of vascular risk factors is able to halt the progression of cerebrovascular injury, this might have no major impact on downstream brain injury if additional processes such as cerebral amyloidosis have emerged and are able to continue to damage brain tissue on their own. This interaction between cerebrovascular injury and other aging processes casts further doubt on the notion that the putative treatment of vascular risk factors according to current treatment protocols has an easy-to-predict, straightforward effect on downstream brain injury and, eventually, late life cognitive decline.
What is Not Currently Known
It is not Clear That Effective Vascular Risk Factor Treatment Prevents Cognitive Decline and Clinically Silent Brain Injury
Clinical trials examining the possibility that effective treatment of vascular risk factors may modify risk of clinically-relevant cognitive decline in the elderly have provided conflicting results . A Cochrane review did not find consistent high-level evidence that anti-hypertensives reduce risk of incident dementia or decline in cognitive test scores among elderly individuals (McGuinness et al. 2009 ). Another meta analysis suggested that successful blood pressure lowering may be associated with both improvement in, and diminishment of, cognitive abilities, depending on which cognitive measurements were used (Birns, Morris, Donaldson, and Kalra 2006) . To date, a very small number of clinical trials of vascular therapies have considered neuroimaging measures of silent brain injury as an outcome of interest. The largest such study (N=192) found that antihypertensive treatment significantly reduced the risk of progression of white matter hyperintensities among individuals with prevalent clinical stroke (Dufouil et al. 2005) . Smaller pilot studies, each including roughly tens of individuals, have suggested that effective treatment with antihypertensive therapies may be associated with preservation of cerebrovascular functioning in the face of vascular challenge, as well as preservation of glucose metabolism (Hajjar et al. 2013; Imabayashi et al. 2011; Kimura et al. 2010; Matsumoto et al. 2009 ). However it should be emphasized that to date, studies with brain injury outcomes have not been performed on a similar scale to those with cognitive indicators as the primary outcome (i.e., with thousands of participants).
The lack of concurrence between trials is perhaps not surprising, as those conducted to date have been highly variable along a number of critical dimensions. Background characteristics of study participants have been particularly variable, with mean ages ranging from the 50s to the 80s, and target populations varying from those with isolated hypertension to those with prevalent clinical stroke. Treatment classes of interest have varied, as have individual treatments within classes. Treatment histories of participants have varied as well. Treatment protocols, especially the definition of successful blood pressure lowering and treatment modifications in the event of unsuccessful lowering, are another source of variability. In addition to these known differences among diverse trials, heterogeneity in study results may have been influenced by differences in latent characteristics of study participants that the trial failed to measure. In particular, most trials (outside of those performed in clinical stroke populations) did not attempt to sample participants based on their burden of preexisting brain injury or neurodegenerative disease that was clinically silent. Thus, the results of these trials may have been confounded by pre-existing brain characteristics that predisposed participants to cognitive decline in spite of treatment.
Outside of clinical trials, several large observational studies support the notion that individuals with a history of successful vascular risk factor treatment possess lower levels of silent brain injury (Godin et al. 2011; Hajjar et al. 2012; Kuller et al. 2010; Valeo 2013) . In particular, two of these studies found an association between use of specific classes of antihypertensive treatment-beta blockers and angiotensive receptor blockers-and lower burden of neuropathology at autopsy. The other studies found that individuals who effectively lowered blood pressure showed a lower burden of, or slower progression of, white matter hyperintensities on MRI. These studies were not prospectively designed to sample individuals based on trajectories of vascular risk factor exposure and treatment however, and they were not designed to manipulate vascular risk factors to determine the effect of this manipulation on the brain. While these studies provide valuable hints that effective treatment of vascular risk factors may potentially ameliorate brain injury burden, this notion has not been strongly demonstrated in any large-scale, prospective, randomized controlled trial to date.
It is not Known Whether There is a Critical Treatment Window for Prevention of Vascular Effects on the Brain and Cognition
Many of the aforementioned clinical trials focused on individuals who were elderly and relatively likely to experience cognitive decline over a fairly brief follow-up interval (McGuinness et al. 2009 ). However, accumulating evidence suggests that vascular effects on silent brain injury may commence in mid-life, possibly as early as the fourth decade of life (Maillard et al. 2012) , even among individuals whose vascular injury burden is so mild that they do not meet criteria for recognized clinical conditions such as hypertension. The effects of vascular conditions on silent brain injury appear to accumulate steadily between early midlife years and elderly years, until elderly individuals possessing decades of exposure to vascular risks have a substantial burden of silent brain injury and an elevated risk of consequent cognitive decline Havlik et al. 2002; Knopman et al., 2001; Korf et al. 2004; Swan et al. 1998) . For this reason there is a growing belief that the clinical trials in elderly populations may simply have been "too little, too late"-attempting to arrest the effects of vascular processes on the brain long after those processes have wrought the major damage leading to cognitive decline.
An obvious consequence of the "too little, too late" problem is that clinical trials of vascular risk factor therapies as preventive agents for late-life cognitive decline should be performed earlier. But the key unanswered question is when, exactly. In other words, there may be a critical treatment window, i.e. a period of the lifespan during which emerging vascular injury processes must be controlled to prevent eventual consequences for the brain and cognition. If treatment in 75-year-olds is too little, too late, it is unclear whether treatment in 65-year-olds, or 55-year-olds, is any different. Another possibility is that the key determinant of the brain benefits of treatment is not chronological age per se, but duration of exposure to vascular risks. The emergence and trajectory of vascular risk factors such as hypertension is highly variable across the population, with blood pressure rising to elevated levels at variable points in the lifespan. It could be that to prevent effects on the brain, it is critical to aggressively treat vascular risks soon after they emerge, regardless of when in the lifespan they emerge. If such a critical treatment window were established, it could have tremendous implications for the surveillance of vascular risk factors and protocols for treatment initiation: for example, if vascular effects on silent brain injury are evident even among 30-year-olds as suggested above, and it is critical to arrest these effects in the 30s, careful surveillance of vascular measures and aggressive pursuit of treatment may be warranted even in this young age group, contrary to current practice. Whether such critical treatment windows exist, and what their parameters are, is currently unknown due to a lack of studies relating vascular risk factor treatment to brain outcomes across a wide range of ages.
It is not Known Whether Achieving Current Treatment Targets is Adequate to Prevent Silent Brain Injury
Clinical trials with cardiovascular disease outcomes (Vasan et al. 2001 ) have carefully considered how obtained levels of blood pressure, cholesterol, blood glucose, and other relevant parameters of vascular risk relate to relevant outcomes. The cumulative result of these trials is a set of treatment targets: optimal ranges of these parameters that should be sought in order to minimize risks of cardiovascular outcomes. Treatment protocols then index success of treatment against the ability to move vascular parameters into the target range. There does not appear to have been any such attempt to identify treatment targets for prevention of silent brain injury or cognitive decline, or at least to determine whether currently accepted treatment targets for cardiovascular outcomes should be considered optimal targets for prevention of silent brain injury or cognitive decline. One possibility is that while current treatment targets may be adequate for lowering risk of heart attack, stroke, or other major outcomes, they may be less than adequate for lowering risk of silent brain injury and cognitive decline. For example, while attainment of a systolic blood pressure of 130 may be considered adequate for cardiovascular outcomes, perhaps going even lower (for example, to 110) may be required to lower risk of silent brain injury. One reason this possibility may have merit is that there may be a continuous relationship between healthier values of vascular parameters and lesser burden of silent brain injury, across a very broad range of vascular parameter values, even to values considered quite low in terms of current treatment targets (Maillard et al. 2012) . In other words, there is not a strong base of evidence for a lower bound for the vascular parameter beyond which further lowering would incur no benefit in terms of brain injury prevention. This suggests that lowering vascular parameters even lower than current treatment targets could have benefits for brain injury and cognitive outcomes. Establishing treatment targets for reduction of risk of brain injury and cognitive decline could clearly have major implications for clinical practice, but due to a lack of clinical trials measuring brain injury outcomes in individuals who achieved varying levels of vascular parameters through treatment, such targets are currently unknown.
It is not Known Whether Some Individuals are Especially Vulnerable to Vascular Effects on the Brain, and if so Whether They Should be Treated Differently As described above, many prior studies suggested that greater levels of vascular risk factor burden are associated with greater levels of silent brain injury burden. However, a more precise summary of findings from these studies is that while there is a general population-level trend in this direction, there is evidence of a great deal of inter-individual heterogeneity, such that some individuals appear to be differentially vulnerablei.e., possessing a high level of silent brain injury relative to their low burden of vascular risk-and some individuals appear to be differentially resilient-i.e., possessing a low level of silent brain injury relative to their high burden of vascular risk. While numerous biological factors could be hypothesized to explain this inter-individual variability, data on this phenomenon is scarce. For example, a number of genetic factors that increase risk of dementia are implicated in the same general biological pathways that lead from vascular risk factors to brain injury; one prominent example is apolipoprotein E, a cholesterol transport protein that is by far the most widely replicated genetic risk factor for Alzheimer's disease (Roses and Allen 1996; Yip et al. 2005) . Similarly, several other genes implicated in pro-inflammatory pathways also increase risk of AD, potentially by exacerbating the effects of vascular-driven systemic inflammatory processes on the brain (McGeer and McGeer 2001) . The presence of genetically-driven vascular brain injury diseases such as CADASIL (Ruchoux and Maurage 1997) , along with the emergence of genetic risk factors for cerebral infarction (Chou et al. 2013; , further supports the notion of differential vulnerability to vasculardriven brain injury arising from background factors. However, the concept that the effects of vascular risk factors on silent brain injury could be influenced by differential vulnerability does not appear to have been explored in depth.
2
The concept of differential vulnerability to disease, identified by background factors such as family history of disease, ethnic background, or genetic markers; or by presence of concomitant risk factors, is a guiding concept governing surveillance for a variety of chronic diseases, and it increasingly influences personal health recommendations for those deemed differentially vulnerable. Thus, it should be clear that identification of individuals differentially vulnerable to the effects of vascular risk factors on the brain could have a major impact on clinical management of vascular risks, with those individuals followed especially closely and treatment pursued the most aggressively. However, such at-risk groups have not been identified, due to a lack of studies that measure the level of vulnerability-i.e. measure the level of brain injury indexed against the level of vascular risk factor burden-and relate this vulnerability to predictors such as family history or genetic markers. In addition, as mentioned above, the functioning of the cerebral vasculature is generally under-studied in the relationship between vascular risk factors and silent brain injury. Further study with measurement of vascular risk, the cerebral vasculature, and brain tissue is needed to clarify whether vulnerable individuals feel an especially severe impact of vascular risk factors on the cerebral vasculature itself, or whether relatively mild damage to cerebrovascular functioning culminates in especially severe damage to brain tissue, or whether both of these are true.
It is not Known if Different Treatments Have Different Protective Effects on the Brain
Prior studies supporting an association between effective treatment of vascular risk factors and lower burden of brain injury and cognitive decline were not designed to answer the question of whether differing treatments provide differing benefits to the brain. There have only been a limited number of reports related to this question. One preliminary report suggested an association between antihypertensive treatment use and lesser burden of neuropathology on autopsy, but only within one class of medication (beta blockers) (White et al. 2013 ). There is a larger group of studies suggesting that angiotensin receptor blockers have specific neuroprotective effects (Hajjar et al. 2012; Thöne-Reineke et al. 2004; Wilms, Rosenstiel, Unger, Deuschl, and Lucius 2005) . These reports largely arose from observational studies that were not designed to sample participants according to treatment regimen, nor control for duration of treatment exposure or adherence to treatment. Nonetheless, they raise the possibility that effects on the brain could enter the already complex calculus about risk and benefit of differing treatments.
It should be clear that an understanding of neuroprotective effects of specific classes of vascular risk factor treatments could have a major impact on clinical management of these conditions. But a lack of studies designed to compare brain and cognitive outcomes between treatment categories has prevented such an understanding from developing.
2 While differential vulnerability of brain tissue to vascular processes does not appear to be a major research focus currently, differential vulnerability of cognitive functioning to brain injury is. Cognitive resilience to such brain injury is referred to as "cognitive reserve." Differential vulnerability of brain tissue to cerebral amyloidosis (i.e., differential "amyloid toxicity") is under study as well.
How Time Courses of Vascular Brain Injury Relate to Time Courses of Neurodegenerative Brain Injury is not Well Understood
As stated above, there is a growing body of evidence that in individuals clinically diagnosed with dementia, cerebrovascular injury commonly co-occurs with neurodegenerative pathology, especially that associated with Alzheimer's disease. But the strongest evidence comes from large autopsy studies, along with in vivo studies that are for the most part crosssectional and small. This means that the time course of cerebrovascular injury accrual, and how it relates to the time courses of neurodegenerative pathology accrual and consequent development of silent brain injury, is poorly understood. Better understanding the relative time courses of these two processes could have major implications for the viability of vascular risk factor treatment as a preventive strategy against silent brain injury and consequent cognitive decline. For example, evidence that cerebrovascular injury tends to build up prior to Alzheimer's disease pathology would suggest that preventing cerebrovascular injury through vascular risk factor treatment could potentially forestall cognitive decline by forestalling accrual of silent brain injury, even if such brain injury is destined to eventually accumulate due to the effects of Alzheimer's disease processes. Current epidemiological evidence tends to support this scenario, as vascular risk factors and their brain effects become detectable earlier in the lifespan than Alzheimer's disease pathology does (Berenson et al. 1998; Maillard et al. 2012) . Nonetheless, evidence that it is more typical for cerebrovascular injury to accumulate secondary to Alzheimer's pathology may suggest that in individuals with Alzheimer's pathology, efforts to treat vascular risk factors could be futile for prevention of cerebrovascular injury. In addition, better understanding the relative time courses of these two processes could clarify various additional aspects of treatment strategies: for example, it could clarify whether various aspects of the time course of vascular risk factor exposure (such as the time of onset and fluctuations in the level of severity over time) place one in a higher-risk category for accumulation of Alzheimer's pathology, or whether the critical period for applying a hypothetical Alzheimer preventive agent is earlier or later in individuals exposed to vascular risk factors. Longitudinal studies that chart the relative time courses of these two processes are needed to clarify these issues.
Ways Forward
The previous section presented the case that numerous aspects of the relationship between vascular risk factor treatment and silent brain injury and cognitive decline are poorly understood, and a better understanding could have major implications for efforts to prevent and treat vascular risk factors in a clinical setting. In this section, the most promising avenues for enhancing the state of scientific knowledge in this area are presented.
Conduct More Clinical Trials of Vascular Risk Factor Treatments with Cerebrovascular Function and Silent Brain Injury as Primary Outcomes of Interest
Possibly the greatest impediment to understanding the viability of vascular approaches to cognitive decline prevention is a lack of clinical trials that measure what happens to the cerebral vasculature and brain tissue in groups of individuals whose prior exposures to cardiovascular risk factors and treatments are matched to the greatest degree possible, and whose key difference is exposure to a novel treatment agent. If a hypothetical treatment is beneficial for cardiovascular endpoints and if the cerebral vasculature and brain tissue are better maintained in those on treatment, this would be the strongest evidence to date for the vascular hypothesis. Clinical trials of this nature seem to be the only way to rigorously assess more detailed aspects of the relationship between vascular risk factor treatment and the brain, such as dose-response relationships and optimal treatment. The major difference between conventional clinical trials and these proposed ones is the longitudinal assessment of brain outcome measures using MRI; collecting and using such data in a large-scale clinical trial setting is feasible in middle aged and elderly individuals as shown by large-scale studies such as ADNI.
Develop and Validate Sensitive Measures of Systemic Vascular Injury and Cerebrovascular Injury
As described above, multiple biological pathways could lead from vascular risk factors to cerebrovascular dysfunction, silent brain injury, and consequent cognitive decline, but it is not clear how specifically vascular risk factor treatments impact each of these pathways, and it is not clear whether arresting individual pathways is adequate to prevent consequent cerebrovascular dysfunction. Clinical trials of vascular risk factor treatments with brain and cognitive outcomes would thus be enhanced by measuring sensitive and robust markers of these pathways to determine which pathways, in which individuals, are engaged by the proposed treatment. For treatments that fail to enhance brain outcomes, such biomarkers would help to determine whether the treatment failed to modify the systemic processes that impinge upon the brain, or whether engaging those pathways was inadequate to prevent cerebrovascular dysfunction. A result of these biomarkers could be the development of relationships between the systemic vascular biomarkers and cerebrovascular dysfunction markers, to give a better sense of what target levels of systemic markers must be achieved to meaningfully benefit the cerebral vasculature. In the long term, such biomarkers could motivate biologically-driven combination therapies that, taken together, engage all of the multiple pathways that must be modified to preserve the cerebral vasculature and thus protect brain tissue. Promising brain-relevant vascular biomarkers are described in the remainder of this section.
Arterial stiffness is now commonly assessed indirectly, by measuring pulse wave velocity-the speed with which blood ejected from the heart travels through various levels of the vascular tree (Hansen et al. 2006) . The basic intuition behind pulse wave velocity is that compliant blood vessels are able to expand, increasing their volume to accommodate a bolus of newly-arriving blood from the heart; the newly arriving blood is thus more able to reside in the expanded vessel and travel through it more slowly. In contrast, less-compliant vessels cannot expand and thus have no choice but to immediately send the newly arriving blood down the vessel at a high speed. Non-invasive, tonometric devices are now available that measure the blood pressure waveform at multiple arteries (for example, at the carotid and femoral arteries) and quantify the difference in arrival times of the pulse wave between the two (i.e., the "carotid-femoral pulse wave velocity") as a proxy measure of the velocity of the pulse wave through the central arteries. Measurements of this type are relatively straightforward to acquire and are easily tolerated by patients. However, there is some debate over which pair of arteries provides valid proxy measures of the pulse wave velocity in which parts of the vasculature (Tanaka et al. 2009) , and the correlation between the proxy measures and the true speed of the pulse wave down any individual vessel is not perfect (Yamashina et al. 2002) . MRI techniques, meanwhile, are able to directly measure the velocity of the pulse wave as it flows through specific arteries whose caliber is large enough to surpass the inherent spatial resolution limits of MRI. Figure 2 shows an example of MRI measurement of pulse wave velocity in the descending aorta. MRI and ultrasound are also capable of directly measuring variations in the diameter of large blood vessels over the course of the cardiac cycle; together with concurrent measurement of blood pressure or flow in the vessel, these measurements provide direct measurement of vessel compliance that is the primary physiological parameter of interest in arterial stiffness (Lehmann et al. 1993) . However, compliance measurements are complicated by the fact that vessel diameter changes may be quite small relative to the spatial resolution of MRI or ultrasound. In summary, while sophisticated measures of arterial stiffening are still under development, emerging clinical trials are now able to collect validated biomarkers through tonometric devices or imaging modalities.
Numerous markers of systemic inflammatory processes have been developed and are commonly deployed in research and clinical practice. Traditional, indirect measures of systemic inflammation include C-reactive protein and homocysteine, while more modern markers include the suite of inflammatory cytokines (e.g., IL-1, IL-6, TNF-alpha) (Dinarello 1996) and vascular adhesion molecules (e.g., VCAM, ICAM, P-selectin, E-selectin) (Gearing and Newman 1993) . While these measures can be collected from cerebrospinal fluid, the assessment of neuroinflammation, in particular the spatial distribution of inflammatory activity throughout the brain, has remained an elusive target. Development of positron emission tomography ligands that specifically target inflammatory activity has been ongoing for many years, with PK11195 emerging as the first viable compound. Due to its limited specificity, a number of replacements for PK11195 have emerged (Chauveau, Boutin, Van Camp, Dollé, and Tavitian 2008) , many of which bind selectively to translocator protein 18 kDa (TSPO), which is upregulated in activated microglia (previously, TSPO had been referred to as the peripheral benzodiazepine receptor or PBR) (Ching et al. 2012) . There is currently no consensus on which of the several TSPO binding compounds is the most specific and easy to deploy. In addition, complications to TSPO as a neuroinflammation target have arisen, including Fig. 2 Left: Phase-contrast MRI provides time series of 3D blood velocity vectors in the aortic arch and descending aorta, and analytic software measures instantaneous blood flow rate at a set of user-defined analysis planes (numbered). Center: Pulse wave velocity is estimated by dividing the distance between analysis planes by the time interval (Δt) between systolic upstroke curves at those planes. Right: Pulse wave velocities of 4 subjects are within the expected range of values and show an expected general trend of increase with age inter-individual variability in the binding affinity of TSPO ligands driven by genetic variability in the TSPO gene (Owen et al. 2012) . However, as TSPO ligands and other neuroinflammation PET agents come on line, incorporating them into clinical trials of vascular risk factor treatments targeting inflammatory processes would be essential to understanding benefits these treatments have for the brain.
Quantitative measures of atherosclerotic plaque burden from ultrasound or MRI are also prominent due to their relevance to stroke, but more fine-grained measures of stenosis and blood flow within the blood vessels supplying the brain could provide deeper insight into the effects of atherosclerotic plaque on cerebrovascular function. Typically, ultrasound examination provides summary measures of stenosis and flow at isolated sites deemed differentially vulnerable to plaque deposition, such as the carotid bifurcation (Touboul et al. 2006) . Atherosclerosis-oriented MRI methods, similarly, can provide a characterization of plaque composition at a small number of carotid artery cross-sections (Yuan and Kerwin 2004) . However, MRI angiography techniques are now capable of providing high-resolution characterization of the structure of arteries throughout the brain, thus enabling a brain-wide view of the capability of the cerebral vasculature to deliver blood to all brain tissue. An example angiogram, and data showing vessel structural differences between young and elderly individuals, are shown in Fig. 3 . Such characterization of arterial structure could allow modeling at an individual level of what parts of the brain are differentially vulnerable to injury due to inadequate vascularization. While methods for isolating the structure of the cerebral vasculature from imagery have been presented (for example, (Flasque et al. 2001 )), it is unclear what summary measures should be extracted from such a structural description to best characterize vulnerability to cerebrovascular dysfunction. Identifying the best summary measures, and clarifying the utility of whole-brain arterial structure in studies of cerebrovascular injury, is a promising avenue for future research.
Develop Better Ways to Measure Duration and Severity of Vascular Injury Processes over Years or Decades
There is a key knowledge gap in how the time course of exposure and severity of vascular risk factors relates to the time course of brain injury accrual. Some evidence suggests that the duration of exposure is a crucial variable. For example, silent brain injury among the elderly appears to be more strongly determined by the presence of vascular risk factors at midlife rather than concurrently (Ninomiya et al. 2011) ; if midlife exposure is a valid proxy measure of duration of exposure, this suggests that duration of exposure is a stronger determinant of effects on the brain. If both duration and severity of exposure are key factors promoting silent brain injury, clinical trials of treatments to prevent silent brain injury should ideally recruit participants that are well characterized and homogeneous in terms of both of these variables; otherwise, those with greater duration of more severe vascular risk factor exposure could be predisposed to poorer brain outcomes regardless of their current vascular risk factor status. Several epidemiological studies have been able to gather such long-term exposure data by measuring vascular parameters every several years in roughly thousands of research participants over the course of years to decades (Guo et al. 2009; Stewart et al. 2009; Wills et al. 2011 Wills et al. , 2012 . However, traditionally such long-term exposure data has been limited to a relatively small pool of epidemiological cohorts, and the vascular measurements have been temporally sparse enough that they risk failing to provide an adequately fine-grained characterization of vascular risk factor trajectory. In addition, these epidemiological studies had limited ability to provide a fine-grained characterization of treatment trajectories, including initiation, adherence, and changes or cessation. Luckily, the ability to capture fine-grained trajectories of vascular risk factor surveillance, exposure, and treatment have emerged within the past decade, with the development of electronic medical record (EMR) databases that record each and every clinical assessment, lab result, and pharmacy interaction occurring longitudinally in tens to hundreds of thousands of health system enrollees. A few health care systems that were early adopters of EMR and invested heavily in the medical informatics technology required to characterize long time courses of exposure are now positioned to recruit participants for research studies based on decade-long trajectory information (two examples are the Veterans Affairs system (Siegel et al. 2007 ) and Kaiser Permanente (Adams, Uratsu, Dyer, and et al. 2013) ). However, there are still a number of technical hurdles to such studies. First, automated extraction of such trajectory information from individual EMR databases remains a difficult task due to the complexity and heterogeneity of represented clinical interaction data. While much of the relevant data is in a standardized, easy to manipulate format, some critical data remain in freely-typed notes that are prohibitively time consuming to parse manually and difficult to extract information from automatically. Large-scale, multi-site studies have been stymied by a lack of data standardization across disparate EMR systems. Finally, while modeling of individual longitudinal trajectory data is already a major research problem in biostatistics (see for example (Harvey et al. 2003) ), fine-grained EMR data poses additional analytic problems due to the presence of multiple, correlated, highdimensional trajectories (of vascular parameters, clinical interactions, and treatment behaviors) per individual. Addressing these technical challenges will provide a major opportunity to design studies that better characterize vascular effects on the brain in the context of lifetime exposures.
Even within EMR databases, measurement of vascular parameters over time requires interaction with patients in a clinical setting. This is especially problematic given the earlier contention that vascular injury processes, and vascular effects on the brain, may commence early in the lifespan, among nominally healthy young individuals that are otherwise asymptomatic and unlikely to believe that frequent, routine clinical evaluations confer much benefit to them (Berenson et al. 1998; Maillard et al. 2012 ). In addition, recent research suggests that office measurement of certain vascular parameters, especially blood pressure, provides an inadequate characterization of vascular status (Sega et al. 2005; Verdecchia et al. 1994) . Wearable electronic health monitors that have emerged in recent years have the potential to provide surveillance of systemic vascular processes around the clock in an unobtrusive manner. Various devices are able to provide chronic measurement of blood pressure, pulse rate, blood glucose, and even the electrophysiology of the heart. Time courses of data from these devices can then be transmitted from devices to cell phones and onward to health care providers who can incorporate this fine-grained longitudinal vascular characterization into EMR. The comfort and convenience of these devices, as well as the threat of electronic theft of such highly sensitive personal health data, are ongoing concerns. Nonetheless, continued development of wearable health devices could provide vastly superior characterization of time courses of vascular risk duration and severity at a granularity never seen before, and this information could be used to better control clinical trials for the vascular history of participants.
Conclusion
While there is ample evidence that individuals possessing a history of vascular risk factor exposure have poorer outcomes late in life with respect to clinically-silent brain injury and clinically relevant cognitive decline, there is a relatively little convincing evidence that current protocols for vascular risk factor treatment are adequate to prevent these outcomes. Identifying vascular risk factor treatment protocols that optimally reduce risk of late-life silent brain injury and cognitive decline will require investigating critical treatment windows, interactions between vascular and other biological processes Lower left: The ratio of minimum to maximum vessel radius along the ICA was significantly smaller (p<0.001, bottom left) among a group of 10 elderly individuals compared to a group of 10 young adults. Lower middle: Lesser values of this ratio, a summary measure of stenosis, was associated with lesser gray matter volume in the older subjects (p=0.02, bottom right) of aging, differential vulnerability to silent brain injury, and optimal targets for vascular parameters. Clinical trials of vascular treatments with brain injury outcomes are desperately needed to investigate these questions. Sensitive and robust biomarkers of the cerebral and central vasculature, and better characterization of time courses of vascular risk factor exposure are needed to clarify what insights should be derived from these trials. It is expected that longitudinal biomedical imaging, data mining of electronic medical records, and chronic ecological monitoring devices will play a critical role in this characterization effort.
